As recently described, adherence to the Mediterranean diet is associated with improved asthma control. However, evidence of how specific nutrients such as fatty acids and antioxidants may affect this relationship remains largely unknown. We aimed to examine the association between dietary intake of fatty acids and antioxidants and asthma control. A cross-sectional study was developed in 174 asthmatics, mean age of 40 (SD 15) years. Dietary intake was obtained by a FFQ, and nutritional content was calculated using Food Processor Pluse software (ESHA Research, Inc., Salem, OR, USA). Good asthma control was defined by the combination of forced expiratory volume during the first second, exhaled NO (eNO) and Asthma Control Questionnaire (ACQ) score (control: forced expiratory volume in the first second $80 %; eNO # 35 ppb; ACQ , 1·0, scale 0 -6 score). Multiple linear and logistic regression models were performed to analyse the associations between nutrients and asthma outcomes, adjusting for confounders. A high n-6:n-3 PUFA ratio predicted high eNO, whereas high intakes of n-3 PUFA, a-linolenic acid (ALA) and SFA were associated with low eNO. Odds for controlled asthma improved along with an increased intake of n-3 PUFA (OR 0·14, 95 % CI 0·04, 0·45; P for trend¼ 0·001), SFA (OR 0·36, 95 % CI 0·13, 0·97; P for trend¼0·047) and ALA (OR 0·18, 95 % CI 0·06, 0·58; P for trend¼0·005). A high n-6:n-3 PUFA ratio increased the odds for uncontrolled asthma (OR 3·69, 95 % CI 1·37, 9·94; P for trend¼ 0·009), after adjusting for energy intake, sex, age, education and use of inhaled corticosteroids. Higher intakes of n-3 PUFA, ALA and SFA were associated with good asthma control, while the risk for uncontrolled asthma increased with a higher n-6:n-3 PUFA ratio. The present results introduce a protective effect of ALA in asthma control, independent of marine n-3 fatty acids, and provide a rationale to dietary intervention studies in asthma.
The increase in asthma prevalence in the last decades has been suggested to be related to environment and lifestyle changes, from which diet and physical activity (PA) appear as obvious (1) . The following two dietary hypotheses have been proposed: (1) an increase in the consumption of vegetable oils and margarines and a decline in fat of animal origin and fish consumption shifting the n-6:n-3 ratio of dietary PUFA from 1:1 to 15 -17:1 (2) ; (2) a decrease in the intake of fresh fruit, vegetables and whole cereals leading to a reduction in dietary antioxidants (3) . Several non-experimental studies have provided evidence supporting the lipid (2) and the antioxidant (3) hypotheses; however, the same has not been reported in intervention trials. Potential benefits of marine n-3 PUFA, namely EPA (20 : 5n-3) and DHA (22 : 6n-3), in inflammatory modulation and asthma have been proposed, whereas the link with the precursor a-linolenic acid (ALA; 18 : 3n-3) is still scarce. We have recently reported that high adherence to a Mediterranean dietary pattern was associated with improved asthma control (4) . This was particularly relevant as asthma control definition incorporated symptoms, lung function and airway inflammation (5) . Among Mediterranean diet food items, nuts (high in ALA) and fresh fruit emerged as positively associated with lung function and asthma control, respectively. However, few data exist on the associations of individual fatty acids, micronutrients and asthma control.
In the present study, we aimed to investigate the association between several types of fatty acids, antioxidant micronutrients and asthma control, measured by symptoms, lung function and airway inflammation, and we hypothesised that n-3 PUFA and antioxidant micronutrients provided from the diet could be associated with improved asthma control in asthmatic patients.
Materials and methods

Participants and study design
A total of 219 consecutive patients, older than 16 years old, attending an outpatient Asthma and Allergy clinic at a University Hospital, with a medical diagnosis of asthma, were invited to participate in a cross-sectional study. Exclusion criteria were food allergy, changing of dietary patterns in the last 12 months, pregnancy, presence of diseases which involved specific nutritional therapy and dietary planning, acute illness in the last 4 weeks or inability to comply with the measurement instruments. The present study was conducted according to the guidelines laid down in the Declaration of Helsinki, and all procedures involving human patients were approved by the Institutional ethics committee. Written informed consent was obtained from all patients before inclusion.
Nutritional intake
Dietary intake was obtained by a self-administered, semiquantitative FFQ, validated for Portuguese adults (6) . The FFQ is an 86-item questionnaire that assessed usual dietary intake over the previous 12 months, including usual food groups and beverages. Food intake was estimated by multiplying the frequency of consumption (about nine possibilities from 'never or less than 1 time/month', to '6 or more times/d') by the weight of the standard portion size of the food item. A seasonal variation factor was considered for foods in which production and consumption are not regular over the year (mean of 3 months). Nutritional intake was calculated using an adapted Portuguese version of the software Food Processor Plus w (ESHA Research, Inc., Salem, OR, USA), nutritional analysis software that converts food intake into total energy and nutrients, based on food composition tables available from the US Department of Agriculture and national data from typical Portuguese foods. Dietary intake of different types of fatty acids (n-3 and n-6 PUFA, SFA and MUFA) and micronutrients involved in antioxidant status and potentially relevant for asthma (vitamins E, C, carotene, retinol, Mg and Zn) (1) were selected as primary independent variables of interest. Although Se plays a role as a cofactor of glutathione peroxidase and as the potential suppressor of asthma inflammation, it was not considered in the nutritional analysis. Considering the wide variation in the content of the major Se food sources (depending on the geographic origin and soil levels), food composition data for Se measure by FFQ are considered unreliable (7) .
Anthropometry and physical activity assessment BMI was calculated after body weight and height measurements with the subject lightly clothed and barefooted, using a mechanical balance with a stadiometer (Seca model 700 w ; Seca Headquarter, Hamburg, Germany). Weight and height were determined to the nearest 0·1 kg and 0·5 cm, respectively. BMI was calculated as the weight (kg) divided by the square of the height (m 2 ).
PA was measured using the International Physical Activity Questionnaire -short version (8) . The short 7 d self-administered version is a seven-item questionnaire that provides information about the frequency and duration of four domains: sedentary activity, time spent walking, and moderate-and vigorous-intensity PA. PA within domains was estimated by weighting the reported frequency (events/week) by duration (min/event) and by a metabolic equivalent level assigned to each activity (walking ¼ 3·3; moderate-intensity PA ¼ 4·0 and vigorous-intensity PA ¼ 8·0). A combined total PA was computed as the sum of the activity domain scores (total PA ¼ walking þ moderate-intensity PA þ vigorous-intensity PA) and reported as a continuous measure (total PA score ¼ total metabolic equivalent-min/week).
Asthma control and quality of life: definitions and assessment Asthma control was defined by combining the results of lung function, exhaled NO (eNO) and the Asthma Control Questionnaire (ACQ) score (5) . Subjects were classified as having 'controlled' asthma if simultaneously they had forced expiratory volume in the first second (FEV1) $80 % predicted (9) , eNO # 35 ppb (10) and ACQ score below 1·00 (11) . If any of these features were not present, subjects were classified as 'non-controlled'. Lung function was measured by the determination of FEV1 using PIKO-1 w (Ferraris Respiratory Europe Limited, Hertford, Herts, UK) (12) . Patients were asked to perform a set of three technically acceptable manoeuvres, and the highest FEV1 measurement was registered and expressed as percentage predicted, as recommended by the American Thoracic Society. eNO was measured with the NIOX w system (Aerocrine, Stockholm, Sweden), using the online technique recommended by the American Thoracic Society (13) , at a flow rate of 50 ml/s. The seven-item ACQ was designed to assess clinical asthma control during the previous week. A seven-point scale (0 ¼ no impairment, 6 ¼ maximum impairment) was used, and the score was calculated as the mean of the seven items, ranging from 0 (totally controlled) to 6 (severely uncontrolled) (14) . Asthma quality of life was measured by the asthma life quality test, developed by the American College of Allergy, Asthma and Immunology, and validated in Portuguese (15) . The selfadministered asthma life quality test includes twenty questions of dichotomous answer (yes/no) assessing six domains: activity and sleep; symptoms; triggers; unscheduled health care use; medication; psychological. Total score was calculated as the sum of affirmative responses, ranging from 0 to 20 (lower values indicate better asthma quality of life). 
Statistical analysis
Descriptive statistics are expressed as means and standard deviations, and proportions (%), whereas PA and several nutrient data are presented as medians and ranges given the nonnormal distribution. eNO was logarithmically transformed to attain normal distribution and is presented as geometric means and 95 % CI. Atopic status, defined by positive skin prick tests, medical diagnosis of allergic rhinitis, present use of inhaled corticosteroid, education (# 4, 5 to 9 and $10 years) and smoking status (non-smoker, past smoker and present smoker) were also recorded. Nutritional variables were adjusted for total energy intake using the nutrient residual model (16) . In this model, energyadjusted nutrient intakes are computed as the residuals from the regression analysis, with total energy intake as independent variables and absolute intakes as dependent variables. The associations between nutritional intake and asthma outcomes were performed using linear regression, multiple linear regression and unconditional logistic regression models. Linear regression was initially fitted to analyse the associations between nutrient intake (independent variables) and asthma outcomes (dependent variables). Multiple linear regression models adjusted for confounders were performed separately for eNO, FEV1, asthma life quality and ACQ scores (categorical confounder variables were transformed into dummy variables). Logistic regression models were also performed to analyse the associations between nutritional intake and asthma control level. Energy-adjusted nutrients were categorised into tertiles. OR were calculated by reference with the lowest tertile.
Sex, education, age, energy intake, BMI, PA score, smoking, atopy, rhinitis and inhaled corticosteroid were analysed as potential confounders. Only the variables that were significantly associated with each of the asthma outcomes in the univariate analysis were considered in the final regression and logistic models. Considering that smoking status and PA were not significantly associated with eNO, FEV1, asthma life quality or ACQ scores, and that their inclusion as confounders did not influence the effects, these variables were therefore not included in the final models. Considering the biological plausibility related to dietary intake, sex, age and total energy intake, these were considered in all models. A 0·05 level of significance and 95 % CI were considered. Data analysis was performed using the statistical package SPSS w , version 17.0 (SPSS Inc., Chicago, IL, USA).
Results
From the 219 patients invited, forty-five were excluded (twenty-one did not fulfil the inclusion criteria, nine had dietary changes in the last 12 months, eight had incomplete data records, four were considered as energy intake outliers and three refused to participate). Energy intake outliers were previously excluded from the study and were defined as having energy intake values above the arithmetic mean (SD 2), and implausibly low intakes (,2092 kJ (, 500 kcal) for women and ,3347·2 kJ (, 800 kcal) for men). The characteristics of 
ppb, Parts per billion; FEV1, forced expiratory volume in the first second; AQL, asthma quality of life; ALA, a-linolenic acid. * P, 0·05. † Linear regression; multiple linear regression adjusted for: energy intake, sex, age, BMI, education, rhinitis and atopic status. ‡ Linear regression; multiple linear regression adjusted for: energy intake, sex, age, rhinitis and education. § Linear regression; multiple linear regression adjusted for: energy intake, sex, age, BMI, education and inhaled corticosteroid (ICS). k Linear regression; multiple linear regression adjusted for: energy intake, sex, age, education and ICS. { Representing the adjusted ratio of geometric means. According to asthma control definition, 23 and 77 % of the subjects were classified, respectively, as having controlled and non-controlled asthma (Table 1) . Considering the energy contribution of macronutrients, no significant differences between these two groups were observed for total carbohydrates, total fat and SFA intake. However, controlled patients had a significantly lower n-6:n-3 PUFA ratio intake compared with non-controlled patients (P¼ 0·017) and had a significantly higher intake of ALA (P¼0·022), EPA (P¼0·016), DHA (P¼0·021) and EPA þ DHA (P¼0·020); dietary intakes of n-3 PUFA (P¼0·090), SFA (P¼0·081) and vitamin E (P¼0·074) were higher in controlled asthmatics, but these differences were not statistically significant.
The associations of the dietary intake of fatty acids and antioxidant micronutrients with markers of asthma adjusted for energy intake, sex, age, BMI, education, atopy, rhinitis and inhaled corticosteroids are presented in Table 2 . Higher n-6:n-3 PUFA and MUFA:SFA ratios were associated with higher eNO, whereas higher intakes of n-3 PUFA and SFA were associated with lower eNO. Higher ALA intake was associated with lower eNO, even after adjustment for marine n-3 PUFA (R 2 0·356, 95 % CI 2 0·609, 20·105; P¼0·006). No significant associations were found for EPA þ DHA and asthma outcomes. Energy-adjusted MUFA and Mg were associated with eNO and FEV1, respectively; however, after adjusting for confounders, these associations were no longer significant.
The OR for asthma control accordingly with the dietary intake of fatty acids and antioxidant micronutrients are given in Table 3 . Intake of n-3 PUFA between 0·73 and 0·94 g/d and above 0·94 g/d reduced the odds of non-controlled asthma (second tertile: OR 0·18, 95 % CI 0·05, 0·62; third tertile: OR 0·14; 95 % CI 0·04, 0·45; P for trend¼0·001), while n-6:n-3 PUFA above 8·45 had the opposite effect (third tertile: OR 3·69, 95 % CI 1·37, 9·94; P for trend¼ 0·009), after adjusting for energy intake, sex, age, education and inhaled corticosteroids. Dietary intake of ALA between 1·54 and 1·96 and above 1·96 g/d reduced the odds of non-controlled asthma (second tertile: OR 0·19, 95 % CI 0·06, 0·59; third tertile: OR 0·18, 95 % CI 0·06, 0·58; P for trend¼ 0·006), after adjusting for confounders. After adjusting also for alternate n-3 PUFA, the protective effect of ALA in asthma control still remained significant (second tertile: OR 0·19, 95 % CI 0·06, 0·60; third tertile: OR 0·18, 95 % CI 0·06, 0·58; P for trend¼ 0·005), independent of EPA þ DHA. No significant association was observed for EPA þ DHA and asthma control.
The higher intake of SFA (. 23·9 g/d) also decreased the probability of having non-controlled asthma (OR 0·36, 95 % CI 0·13, 0·97; P for trend¼0·047), after controlling for confounders. Considering micronutrients, dietary intake of retinol between 95 and 849 mg retinol A equivalents/d decreased the odds of having non-controlled asthma; however, the trend according to the retinol intake category was not significant (P for trend¼ 0·355). A protective trend was also observed for energy-adjusted vitamin E and asthma control (OR 0·43, 95 % CI 0·18, 1·03; P¼0·049); however, this association was no longer significant after the final adjustment.
Discussion
In the present study, higher dietary intakes of n-3 PUFA and SFA were associated with a decreased levels of eNO and improved likelihood of asthma being under control, while a high ratio of n-6:n-3 PUFA had the opposite effect. In addition, higher dietary intake of ALA was associated with lower eNO and reduced the likelihood of non-controlled asthma, independent of marine n-3 PUFA. No significant associations between the dietary intake of EPA þ DHA and antioxidant vitamins and minerals and asthma outcomes were observed.
The present results are limited by the cross-sectional design of the study which leaves open any possible cause-effect relationship and the role of other factors. Nevertheless, an inverse causal relationship is not probable and we assessed established lifestyle factors that could have an important role in asthma and that influence nutrient intake, such as total energy intake, PA and BMI, and the association between nutrients and asthma outcomes was extensively adjusted for confounders.
To the best of our knowledge, this is the first study exploring the association between different types of dietary fatty acids and antioxidant nutrient intake, and asthma control. Moreover, we assess the dietary intake of vegetable (ALA) and marine (EPA þ DHA) n-3 PUFA, and report for the first time the protective effect of ALA in asthma control. The score we used to assess control, which included different dimensions of the disease such as inflammation, lung function and symptoms, has been shown to explain 77 % of the variability of asthma control (5) . Another important strength of the present study was the FFQ that we used, since it has been validated for Portuguese adults (6) , and it has been shown to provide reliable estimates for n-3 PUFA and SFA (6) . In the present study, a higher dietary intake of n-3 PUFA (. 0·94 g/d) and ALA (. 1·96 g/d) reduced the odds of noncontrolled asthma. Considering that the prevalence of noncontrolled asthma in the present study was high, the OR may be biased towards overestimating the risk. Nevertheless, even though we could admit an overestimation of the protective effect, the reverse result should not be expected.
ALA is the major plant-based n-3 PUFA and exerts main effects through conversion to EPA and DHA, when dietary intake of marine PUFA is low (17, 18) . Long-chain n-3 PUFA decreases the production of inflammatory mediators, competitively inhibiting the metabolism of arachidonic acid (generating less active prostenoids and leukotrienes), suppressing IgE production, and thereby potentially acting to reduce airway inflammation and bronchoconstriction in asthma (18, 19) . However, results were inconclusive. A systematic review from Cochrane of the clinical effects of n-3 PUFA fish oil supplementation in established asthma suggests that the results are not consistent and that there is little evidence to recommend such supplementation in order to improve asthma control (20) . Reconciling the data from experimental and observational studies is difficult, most probably, due to different methods of assessment of dietary intake and different definitions of asthma. Taken the data into account from previous cross-sectional studies, it seems that dietary or serum n-3 PUFA levels are directly associated with lung function, at least in asthmatics (21 -23) and atopy (24) , and are protective for the risk of asthma or atopy. Recently, in a large populationbased study, asthma risk was doubled in subjects who had never eaten fish during childhood and a minimum of weekly fish intake in adulthood was protective against asthma symptoms (25) . In a small study, fish oil supplementation failed to provide any benefit in eNO, lung function or asthma control in asthmatic women (26) . In the present study, dietary intake of n-3 PUFA and ALA was associated with improved asthma control and lower eNO, independent of EPA þ DHA. Higher intake of ALA (and also not EPA or DHA) was previously associated with a decreased risk of allergic sensitisation and allergic rhinitis in adults (27) . However, the link between ALA and asthma is still poorly addressed. In the present study, dietary intake of EPA and DHA is very similar between controlled and non-controlled subjects, and we have found no significant associations between EPA or DHA and asthma outcomes. There is evidence suggesting that ALA, EPA and DHA might have heterogeneous and potentially independent effects on inflammation, gene expression and chronic diseases; therefore, a better understanding of the individual role of n-3 PUFA in inflammatory diseases, such as asthma, is needed (17, 18) . It has been suggested that higher margarine intake rich in n-6 PUFA is associated with an increased risk of asthma (28, 29) and hay fever (30) in adulthood, and eczema and allergic sensitisation in children (31) . Dietary intake of n-6 PUFA was similar among controlled and noncontrolled subjects, and therefore, no significant associations for n-6 PUFA and asthma outcomes were observed. Nevertheless, the ratio of n-6:n-3 PUFA above 8·45, which was more than tripled the odds of non-controlled asthma, was associated with increased levels of eNO.
In the present study, we analysed the total SFA intake, irrespective of the specific types. However, different types of SFA could have different effects. Foods high in SFA, such as butter (32) , whole milk (32, 33) and non-pasteurised farm milk (34 -36) , have been consistently associated with a reduced risk of asthma. For milk, it is not clear whether associations should be attributed to SFA, vitamin A or even to microbial agents (in the case of whole non-pasteurised milk or farmrelated co-exposures) (34 -36) . Therefore, the present results on SFA could also be a proxy of a dietary pattern high in milk and dairy products. Several epidemiological studies have reported beneficial associations for higher intake of nutrients that may be relevant in the redox mechanisms, such as vitamin C (21, 37, 38) , vitamin E (37, 39) , carotenoids (40, 41) , Se (7) and Mg (42) . However, these findings are not conclusive (43) and intervention studies with single nutrient supplementation have been disappointing (44 -47) . Inverse associations with asthma have also been observed for foods rich in these micronutrients, such as fresh fruit (7, 33, 48, 49) and vegetables (48) , and nuts (4, 50, 51) , and additional benefits may arise from the synergistic effects between nutrients in foods and specific dietary patterns. Nuts contain a high proportion of ALA, fibre, vitamins, minerals and many bioactive compounds that may modulate redox status, and inflammatory and immune responses (30, 52) . We have previously reported that intake of nuts is positively associated with lung function, and high adherence to an overall healthy dietary pattern, such as the Mediterranean diet, is associated with an improved asthma control in adults, independent of other lifestyle factors (4) .
In summary, the present results provide additional support for the benefits of adequate dietary advice and give a rationale to nutritional intervention studies in asthmatics. Healthy eating in asthma, providing foods high in ALA, such as nuts, and an adequate balance between n-6 and n-3 PUFA, may reduce disease severity and improve asthma control, independent of other lifestyle factors (4) .
